In this paper we discuss non-thermal quantum black holes with a discrete mass spectrum and their possible new signatures at the LHC. We calculate the inclusive cross sections for the production of quantum black holes with discrete masses at the LHC as well as some exclusive cross sections for particularly interesting decay modes.
Introduction
The advent of models with low scale quantum gravity designed to address the hierarchy problem [1] [2] [3] , see e.g. [4] for a recent review, has led to much progress in the physics of small black holes which could be produced in high energy collisions of particles. Black holes created in such processes are very different from their astrophysical counterparts, indeed their masses are expected to be close to the Planck scale which in the models aforementioned is in the TeV region. Eardley and Giddings [5] , following the works of Payne and D'Eath [6] and Penrose (unpublished) have established that even for a non zero impact parameter, a classical black hole would form if one collided two particles in the limit of a very large center of mass energy. A semi-classical formulation of this construction using a path integral formalism appeared in [7] . Hsu demonstrated that for collisions with center of mass energies 5 to 20 times larger than the Planck scale, depending on the model [8] , a semi-classical black hole will form. Semi-classical black holes are thermal objects, their decays are expected to be well described by Hawking radiation.
The production of microscopic black holes at colliders such as the Large Hadron Collider (LHC) would provide one of the most interesting features of low scale quantum gravitational effects and has now been extensively studied for semi-classical black holes [9] [10] [11] [12] [13] [14] [15] [16] . However, even in the most optimistic case of a few TeV Planck mass, it is clear that the number of semi-classical black holes that could be produced at the LHC is very limited since the first semi-classical black hole would have a mass between 5 TeV and 20 TeV for a 1 TeV Planck scale.
On the other hand, it was pointed out in [17] that non-thermal quantum black holes could be of particular importance. Because their masses are so close to the Planck scale, their decomposition is not expected to be described accurately by Hawking radiation. One expects that these black holes will rather decay into a couple of particles. These black holes can be classified according to the quantum numbers of the particles that formed them [17] . It is thus easy to predict their decomposition modes and to calculate the corresponding branching ratios. These events may resemble strong gravitational rescattering processes [8] .
Production cross sections of QBHs with continuous and discrete mass spectra
Till recently, only a continuous mass spectrum had been considered for quantum black holes. This was sensible since most of the physics is extrapolated from the classical black hole case. However, motivated by the existence of a minimal length in models trying to unify quantum mechanics with general relativity [18] , it was suggested in [24] (see also [25] ) that nonthermal quantum black hole masses could be quantized in terms of the Planck scale. The phenomenology of these black holes at the LHC would be rather different from those with a continuous mass spectrum since their mass spectrum is discrete. In the case of a continuous mass spectrum, the cross section for non-thermal black holes [17] was extrapolated from the semi-classical black hole cross section [15] where √ s is the centre of mass (CoM) energy, n is the number of extra dimensions, z ≡ b/b max is the rescaled impact parameter, F (n) and y(z) describe the effects of inelasticity numerically fitted by Yoshino and Nambu [26, 27] . The labels i,j run over the different particles species, f i ,f j are parton distribution functions evaluated at the scale of momentum transfer Q, u and v are the momentum fractions of the incoming particles, and x min = M min BH /M D is the ratio of the threshold of the black hole production M min BH over the reduced Planck mass. The n dimensional Schwarzschild radius is given by
with
On the other hand, if the mass spectrum is discrete, the cross section is given by [24] :
In the case of a discrete mass spectrum, one could thus describe QBHs as heavy particle states with a very short life time (Γ(QBH → 2 particles) ∼ 1 64π 2 M QBH using dimensional analysis). Each individual production cross section in the discrete case has the following form:
where M QBH is the mass of the black hole, respectively. For the Schwarzschild radius, we take
and k(n) remains the same as in the continuous case. Assuming that space-time is quantized at short distances and that there is a minimal length [18] [19] [20] [21] [22] [23] , the mass distribution is expected to be partitioned in terms of the Planck mass. If the Planck mass is of the order of 1 TeV, one would expect five different black hole states before reaching a continuum in the semi-classical regime. The factors F (n) and the functions y(z) have been calculated in the framework of classical black holes and are not known for non-thermal quantum black holes. We are thus setting the factors F (n) = 1 as well as the functions y(z) = 1. This is an approximation which is reasonable since these factors have been calculated for classical black holes and may not apply to quantum black holes. However, let us emphasize that the functions y(z) describe the lost energy of the incoming partons to gravitational radiation. Since this has nothing to do with the decomposition of the black holes or the type of black hole produced, we expect that the functions y(z) for quantum black holes will be similar to the classical case.
One might worry that the cross section for non-thermal black holes could be exponentially suppressed. However, such a suppression has been refuted in [7] : Because of the seminal work of Eardley and Giddings [5] , we know that there are classical trajectories with two particle initial conditions which evolve into black holes, the process is clearly not classically forbidden and hence there is no tunneling factor. Furthermore, the time-reversed process is not thermal and involves very special initial (final) conditions.
Classification of QBHs
To classify a quantum black hole, we need to consider not only its mass and spin but also its charge under U(1) em and SU(3) c . The fact that quantum black holes carry a color charge is not in contradiction with the notion of confinement because the production and decay of these black holes happen over a short space-time length which is much shorter than the hadronization length scale. In the case of the LHC, protons are collided with protons, thus the quantum black hole will only be created by collisions of quarks, anti-quarks, and gluons. This yields the following possible color states for the quantum black holes, depending on the initial particles: a) q +q :
There are nine possible electromagnetic charges (0, ±1/3, ±2/3, ±4/3, ±1), corresponding to the charges of the colliding particles. Due to the high center-of-mass energies, we consider all initial particles to be massless. Using Clebsch-Gordon-coefficients [28] , we find that in a collision of two fundamental fermions (1/2 × 1/2), the spin-1 state is three times more likely to form than the spin-0 state. If a massless vectorboson collides with a fundamental fermion, the spin-1/2 state is just half as likely to form compared to the spin-3/2 state and for two gluons the spin state ratio for the spin-0, spin-1 and spin-2 is 2:3:7. All spin factors are displayed in Table (1) . Little is known about quantum gravity and in particular which symmetry is conserved by quantum gravitational interactions. We are thus led to make different assumptions on the type of processes which are allowed by these interactions. We determined the decay branching ratios for five different models corresponding to different assumptions about which symmetry is conserved or violated by quantum gravity. In all cases, we shall assume that Lorentz symmetry is conserved. All models take the full range of Standard Model particles as possible decay products into account and consider neutrinos to be Dirac particles which can be both left and right handed. In case of the Higgs boson, we assume that three of the four degrees of freedom merge with the degrees of freedom of the W and Z bosons. The models also allow massless gravitons as possible decay products. Furthermore, the following restrictions on the symmetries for the different models have been considered, respectively: 
Decay of QBHs
The branching ratios for the QBHs produced in specific reactions for the different models and decay channels can be found in Tables (2) to (9) . Note that the term branching ratio may be misleading as we do not use it in its usual sense, i.e. to describe the probability of the decay of a specific particle in a specific mode, but rather to describe the decomposition of a collection of black holes created by the same specific initial states into a specific mode. To determine the number of possible states, one has to consider the color multiplets and spin factors, e.g. in case of a black hole created by two up-quarks and with an incidental U(1) em charge of 4/3 (see i.e. Table 2 ), we find 3 × 3 = 6 + 3 for the color states when decaying into two up quarks. This has to be weighed by the spin factors; since both states, spin-0 as well as spin-1, are possible, we multiply the amount of states with the sum of both spin factors. One therefore finds:
In case of the first two models in which quark flavor is conserved, a quantum black hole can only decay into the quarks with the initial flavor. For all other models all up-type quarks are weighed in the same way. For the models which allow quark and lepton flavor violation, we obtain alternatively:
By following the same methods and considering the total number of final states, we find the branching ratios to be the quotient of the number of desired final states devided by the total number of final states. The index "initial" indicates the flavor of the colliding particle, whereas "else" sums over all other type-like particles except the initial one. The indices "i" and "j" are used to distinguish between particles of the same flavor and different flavor, i.e. i = j. Note that some of our models overlap with those considered in [29] . 
ν an (anti)neutrino. Table 6 : QBH(u , g , 2/3): Branching ratios of the decay channels of QBHs created by an up-type quark (u) and a gluon (g). "initial" indicates the flavor of the incoming particles, "else" all other (anti)quark flavors. d describes a down-type quark. 
ν an (anti)neutrino, d a down-type quark, and u an up-type quark. 
ν an (anti)neutrino, d a down-type quark, and u an up-type quark. Table 9 : QBH(g, g , 0) : Branching ratios of the decay channels of QBHs created by two gluons. "initial" indicates the flavor of the incoming particles, "else" all other (anti)quark flavors. i and j distinguish between particles of different flavors and generations, i.e. i = j.
(l + ) l − describes an (anti)lepton of any generation,
ν an (anti)neutrino, d a down-type quark, and u an up-type quark.
As aforementioned, we assume that there are five quantum black hole states between the Planck mass and the continuous semi-classical region. We thus calculate the cross section for these five states for different models with low scale quantum gravity. Our results can be found in Tables (10) to (12) which correspond to different center of mass energies (7, 8 and 14 TeV) . We emphasize that these intermediate black holes will have different spins. We are summing over these allowed spin states in the cross sections given in Tables (10) to (12) .
The cross section for a specific final state, e.g. QBH → γ + γ, is obtained by summing over the production cross sections of the contributing QBHs which have been multiplied with the desired branching ratio (cf. Table (2) to (9) Each cross section for a specific initial states was calculated via equations (4) and (5) by using a Monte Carlo integration algorithm. In the case of two photon production, the relevant initial states are a quark-anti-quark pair and two gluons. Assuming a specific model, we sum up the cross sections for all contributing masses up to the CoM energy and then multiply the result with the suitable branching ratios ( Table 27 : Cross sections for production of a QBH decaying into an anti-muon and down quark with a CoM energy of the initial particles of 14 TeV. Due to symmetry violations this process is forbidden in models 1, 2 and 3.
Conclusions
The production cross sections can be found in Tables 10-12 while the cross sections for specific final states with potentially small Standard Model backgrounds can be found in Tables 13-27 . We considered the production of quantum black holes with discrete masses at the Large Hadron Collider within several frameworks for low scale quantum gravity. We study collisions at different center of mass energies (7 TeV, 8 TeV and 14 TeV). We investigate ADD with n = 5, 6 and 7, Randall and Sundrum's brane world and a 4-dimensional construction proposed in [3] . Several models corresponding to different conservation laws are studied and the Planck scale is taken to be 1 TeV, 3 TeV and 5 TeV. Clearly, the cross sections can be sizable depending on the value of the Planck scale. We find that generally speaking the Large Hadron Collider operating at 7 and 8 TeV is only able to probe a Planck mass in the 1 TeV region. We anticipate that the Standard Model background is likely to be too large to probe a higher Planck scale. The 14 TeV Large Hadron Collider could probe the Planck scale up to 3 TeV. Rare events such as final states with a muon and a positron back to back could potentially test a larger Planck scale. Quantifying the reach of the Large Hadron Collider requires a dedicated background study and detector simulation which goes beyond the scope of this article. As expected, the cross sections are smaller than in the continuous mass case [3] . However, the possible final states are the same as in the continuous mass case if one assumes that the same quantum numbers, i.e. SU(3) c , U(1) and spin are conserved.
It is important to stress that the black holes considered here are rather different since their masses are discrete. They are thus more particle-like than the continuous mass black holes considered in the past. Most final states involve two jets back to back and the background might be large. Final states with two photons or two leptons should be easy to identify at the Large Hadron Collider and should be searched for. We emphasize that the limits found in the literature on the production of small black holes do not apply to those considered here. Finally, we point out that it is possible to have more exotic signatures with, e.g., a high transverse momentum muon and a high transverse momentum positron back to back, depending on whether lepton flavor symmetries are conserved or not by quantum gravity. These final states are smoking guns for non-thermal quantum black holes.
